INTRODUCTION
Mental retardation (MR) is among the most common disabilities among children, affecting 1 -3% of the population (1, 2) . The majority of MR cases have isolated MR without other associated abnormalities, a condition that is referred to as non-syndromic mental retardation (NSMR) (3) . The genetic etiology of NSMR has been characterized in only 10% of reported cases, with just 19 X-linked and six autosomal genes reported to date (4 -10) . It has been suggested that genes implicated in NSMR may also harbor mutations that are associated with other developmental abnormalities, such as autism (11, 12) and schizophrenia (12, 13) , so identifying mutations for NSMR could identify candidate genes for these common conditions.
We previously described a consanguineous family (referred to as Family G) with five adult children with NSMR (14) (Fig. 1A) . This family belongs to a religious community that traces its ancestry to Europe. The known pedigree that includes all members of this community is 15 generations deep. Four of the affected siblings (a brother and three sisters) were examined by D.W. (Fig. 1B) . Growth parameters, including head circumference, were normal and there were no dysmorphic features other than a narrow palate in all four siblings. The neurological exam showed normal muscle bulk and tone, and normal cranial nerves and peripheral reflexes. Three * To whom correspondence should be addressed at: Department of Human Genetics, University of Chicago, 920 E. 58th Street, Chicago, IL 60637, USA. Tel: +1 7737025898; Fax: +1 7738340505; Email: caliskan@uchicago.edu of the affected individuals had an intention tremor when asked to perform finger -nose -finger exam or any other task requiring fine motor coordination and had slow rapid finger movements. There were no resting tremors, signs of ataxia or other abnormal movements. One affected brother, who was not available for examination, was reported to also have an intention tremor. One of the sisters was not considered as affected in our earlier study (14) because her complications were attributed by the parents to a difficult delivery and fevers in the newborn period. Her developmental delay was milder than the other three affected individuals who were examined, but she had similar speech, language and fine motor skill abnormalities. However, because she was homozygous for the same shared haplotype as her affected siblings, we thought it likely that she had the same autosomal recessive condition. Because this condition was segregating in only a single sibship and the locus mapped to one of the most gene rich regions of the human genome, we were previously unsuccessful in identifying the specific gene or mutation in this family (14) .
RESULTS
Following our initial linkage study (14) , we performed wholegenome genotyping of the affected individuals and identified a shared homozygous segment that spans .2 Mb on chromosome 19p13 (Chr 19: 13 610 401-15 645 116 bp in hg Build 36.3). To facilitate the discovery of the causal mutation and gene, we included both obligate carrier parents in an exome sequencing study. We identified 71 variants (33 missense, 37 synonymous, 1 non-protein coding) in the critical region in the parents. Given the pattern of homozygosity in the critical region in Family G, we assumed that the NSMR in this family was due to a fully penetrant autosomal recessive mutation (14) . Therefore, we considered 18 of the 71 variants that were heterozygous in both parents as candidates for the NSMR mutation (Supplementary Material, Table S1 ). Seventeen of these 18 variants were present in the dbSNP (v131) and were, therefore, further excluded as NSMR mutations (Supplementary Material, Table S2 ). The remaining novel mutation occurred in exon 8 of the TECR (trans-2,3-enoyl-CoA reductase) gene (Chr 19: 14 536 653 in hg Build 36.6), causing a Pro to Leu substitution at amino acid 182 in the TECR protein ( Fig. 2A) . Using Sanger sequencing, we confirmed that the mutation in the TECR gene segregated with NSMR in Family G: the non-reference allele was homozygous in the five affected siblings, heterozygous in the parents and seven unaffected siblings and absent in one unaffected sibling (Fig. 2B ).
Additional genotyping of this mutation in 1523 individuals that belong to the same religious community as Family G revealed no homozygotes other than those in the affected sibship. Overall, there were 109 carriers of the TECR Leu182 mutation (including those in Family G), yielding a carrier frequency of 7.1% and mutation frequency of 3.9% in this population. The observed genotype distributions fit with the Hardy -Weinberg expectations (P . 0.10). Despite the high carrier frequency of the TECR mutation (1 in 14), none of the other carriers other than the parents of Family G were married to each other. Ninety-seven of 109 carriers were also genotyped with the Affymetrix 500k or 6.0 SNP arrays. In those individuals, the mutation was present on the same haplotype that was homozygous in the affected individuals in Family G, indicating a single ancestral founder haplotype carrying the mutation in this population (Fig. 3) . The combined segregation and population data suggest that the Pro182Leu mutation in the TECR gene is the NSMR causal mutation in Family G.
We next applied bioinformatic approaches to predict the potential effect of the Pro182Leu mutation. First, we used ClustalW algorithm (15) to align the human TECR protein sequence with the amino acid sequences of the orthologous proteins in six other species. The proline at amino acid 182 was highly conserved, being present in all species as distantly related to humans as zebrafish and Xenopus laevis (Fig. 2C) . We then used two in silico methods: Polymorphism Phenotyping (PolyPhen) (16) and Sorting Intolerant from Tolerant (SIFT) (17) . The effect of Pro182Leu mutation was predicted to be 'probably damaging' by PolyPhen (PSIC score difference 2.97) and 'not tolerated' by SIFT with a substitution score of 0.01. Thus, two in silico approaches predict that the substitution of a leucine for a highly conserved proline at amino acid 182 in the TECR protein is a deleterious/damaging mutation that very likely alters protein function and, therefore, downstream phenotypes.
DISCUSSION
TECR, also referred to as GPSN2 (synaptic glycoprotein 2), is a synaptic glycoprotein that is involved in the synthesis of very long-chain fatty acids (VLCFA) in a reduction step of the microsomal fatty acyl-elongation process (18) . The mouse ortholog of TECR is highly expressed in the nervous system (19) . Diseases involving perturbations to normal synthesis and degradation of VLCFA (e.g. adrenoleukodystrophy and Zellweger syndrome) have significant neurological consequences. For example, mutations in FACL4, a long-chain acyl-CoA synthetase gene that is important in the degradation of VLCFA and the production of key intermediates in the synthesis of complex lipids, cause X-linked NSMR (20) (21) (22) . The role of TECR in fatty acyl elongation and its high expression in nervous system suggest that the Pro182Leu mutation might perturb similar pathways and result in NSMR. On the other hand, it is also possible that TECR, as a synaptic glycoprotein, may have a specialized, as yet unknown, function in the nervous system that affects communication between neurons (23) or synaptic plasticity (24, 25) .
We describe here for the first time the discovery of a mutation underlying an autosomal recessive condition by performing exome sequencing in obligate carrier parents of an affected sibship. The success of this study was further facilitated by having previously localized the disease gene to an 2 Mb region on chromosome 19 and by conducting these studies in a founder population in which most recessive conditions will be due to mutations that are homozygous by descent in affected individuals. However, this approach should also be applicable to mapping disease genes in the absence of prior localization, although there will likely be more candidates to screen after the initial filtering, and in nonfounder populations in which affected individuals could be compound heterozygotes for different mutations in the same gene. Lastly, the Pro182Leu mutation in Family G might be private to this population. However, it is possible that other mutations in the TECR gene underlie NSMR, or even related phenotypes, such as schizophrenia and autism, in other populations. In fact, TECR was previously identified as a candidate schizophrenia gene with high probability (P , 0.001) by modeling genome-wide linkage and molecular interaction data (26) and was among the top-ranked nervous system genes identified as a candidate for neurological and psychiatric diseases in a study of tissue-specific gene expression patterns (19) . Thus, further studies of the TECR gene in patients with neurological and psychiatric diseases, as well as with NSMR, may reveal additional mutations in this gene and a common biochemical pathway for these common conditions.
We report here the discovery of only the seventh autosomal gene harboring a putatively pathogenic mutation for NSMR and only the second involving fatty acid metabolism. Although the precise mechanism through which the Pro182Leu mutation in TECR leads to MR is not known, the role of this gene in fatty acid synthesis and the phenotypes of the affected individuals suggest that NSMR observed in Family G is an inborn error of metabolism in which fatty acids are not properly synthesized, highlighting the importance of normal lipid homeostasis for proper nervous system development.
MATERIALS AND METHODS

Phenotype studies
Family G was identified during the studies of common diseases in this population (27) . The affected siblings were examined by D.W. as described previously (14) . These studies were approved by the University of Chicago Institutional Review Board. Informed consents were obtained from the parents of Family G.
Exome sequencing
Genomic DNA was extracted from peripheral blood using the standard procedures. Five micrograms of DNA from each of the parents of Family G was used to construct a shotgun sequencing library. DNA oligonucleotides, corresponding to 170 bp of target sequence flanked by 15 bp of universal primer sequence, were synthesized in parallel on an Agilent 244K microarray, and then cleaved from the array. The oligonucleotides were PCR amplified, then transcribed in vitro in the presence of biotinylated UTP to generate single-stranded RNA 'bait'. Genomic DNA was sheared, ligated to Illumina sequencing adapters and selected for lengths between 200 and 350 bp. This 'pond' of DNA was hybridized with an excess of bait in solution. The 'catch' was pulled down by magnetic beads coated with streptavidin, then eluted. Each sample was sequenced on three lanes of an Illumina Genome Analyzer II (GAII) sequencer using 76 bp end reads.
The exome target array covered 32.8 Mb of human genome, which includes 79.2 kb of coding sequence in our 2 Mb critical region. The latter corresponds to 100% of the NCBI Consensus Coding Sequence (CCDS) in the chromosome 19p13 critical region in Family G. We obtained an average of 103× coverage in the target region and achieved coverage of ≥4× for 91% of the CCDS bases and ≥8× for 85.6% of the CCDS bases in the critical region in at least one parent (Supplementary Material, Fig. S1 and Table S3 ).
Base quality scores were recalibrated and reads were locally realigned with the Genome Analysis Toolkit (GATK; M. DePristo et al., unpublished data). SNPs were called with the GATK with a minimum quality score of 50 and then filtered to remove those with SNP quality score over sequencing depth ,5 (low-quality SNP sites), allelic balance among heterozygotes .75% (indicative of low-frequency errors), and neighboring repeated homopolymers of length .3 (often problematic in exome sequencing). Annotations of variants were performed based on NCBI and UCSC databases.
Sanger sequencing of the candidate variant in Family G
A 506 bp fragment harboring the candidate mutation on Chr 19: 14 536 653 (hg Build 36.6) was amplified using 5 ′ -GCCTGCCTATCCACCCTAGT-3 ′ and 5 ′ -CCAGCCTCCT TACCACAAAG-3 ′ primers. Sequencing was performed using ABI PRISM 3.0 BigDye terminator chemistry. Sequences were analyzed using FinchTV 1.4 (Geospiza Inc., Seattle, WA, USA).
Genotyping of the candidate variant in a population sample
The candidate mutation in the TECR gene was genotyped using TaqMan assay-by-design (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's protocols. Primer and probe sequences were designed using Primer Express 3.0 software (Applied Biosystems), and genotypes were analyzed using the allelic discrimination software of the 7900 HT Fast Real-Time PCR system (Applied Biosystems). There were no Mendelian errors in the sample, and the genotypes of 20 duplicated samples were 100% Figure 3 . Haplotype analysis of the Pro182Leu mutation; the arrowhead shows the position of the mutation. The x-axis shows the 141 SNPs that define the 2.2 Mb homozygous segment in the affected siblings; individuals representing each genotype are shown in each row, grouped by the three Pro182Leu genotypes. All Pro/Leu carriers shared at least one allele (orange) with the affected individuals at every SNP within a 1.6 Mb interval surrounding the TECR mutation; blue shows SNP genotypes that do not share either allele with the homozygous segment in the affected siblings.
concordant. Observed genotype frequencies were compared with expected frequencies using a Hardy -Weinberg test that corrects for the relatedness between individuals in the population (28) .
